An Nb-5Mo-15W alloy (mass%) was surface-treated in vacuum by Cr and/or Al pack cementations, and the oxidation behavior of the coated alloys was investigated in air at temperatures up to 1473 K for 32.4 ks. The Al packed alloy formed a coating layer with the outer NbAl 2 and the inner Nb 3 Al, and showed poor oxidation resistance. The Cr packed alloy formed a coating with outer -Cr and inner Cr 2 Nb layer, and showed good oxidation resistance up to 1373 K. The alloy packed with Cr and then Al formed a coating layer with outermost -Cr(Al), outerCr(Nb), and inner Cr 2 Nb layers, and this coated alloy showed good oxidation resistance up to 1473 K by forming an Al 2 O 3 scale.
Introduction
Niobium based alloys are candidates for ultra-high temperature applications 1, 2) because niobium has a density (8.6 kg/m
3 ) close to that of nickel (8.9 kg/m 3 ) and a high melting point (2741 K). Recently, Nb based alloys 3, 4) were developed with high specific strength at temperatures higher than 1473 K, offering the potential of replacement of conventional nickel based superalloys. However, Nb-based alloys have not reached the stage of practical application because they are inferior in oxidation resistance.
Improvements of the Nb-based alloys [5] [6] [7] against high temperature corrosion have been investigated by adding elements like Cr, Al, and Si, which can form protective oxide scales. The oxidation behavior of intermetallics in a Nb-Al system such as Nb 3 Al, NbAl 2 , and NbAl 3 were investigated and it was found that both the Nb 3 Al and the NbAl 2 are lacking in oxidation resistance, while NbAl 3 can form an Al 2 O 3 scale. To further improve the oxidation properties of NbAl 3 Hebsur et al. 8) investigated the effect of alloying elements such as Ti, Cr, Si, Cr-Y, Cr-Zr, Si-Zr, Cr-Y-Si, etc., on the oxidation properties of NbAl 3 . Doychak et al. 9) have also reported on alloys containing Cr and/or Y.
These results showed that NbAl 3 alloy containing Cr can form an AlNbCr layer on the alloy surface, contributing to improvements in oxidation resistance. Grabke et al. 10) reported that the oxidation resistance of Nb alloys with the three-phases NbNiAl, NiAl, and NbAl in the Nb-Al-Ni system showed good oxidation resistance. Hayashi et al. 11) proposed that the addition of MgO or MgSi 2 to the NbAl 3 is effective in improving the oxidation resistance. However, at present there appears to be limitations, because abundant addition of alloying elements such as Al, Cr, Si, and Ni is not desirable for the mechanical properties of room temperature brittleness and strength at high temperatures.
Several coating processes [13] [14] [15] [16] have been investigated using reduced pressure plasma flame spraying, 14) slurry coating 15) and pack cementation 16) to protect the Nb alloys against aggressive environments. Recently, Murakami et al. 13, 17) found that the Nb 3 Al 2 Si 5 has excellent oxidation resistance and they attempted to use Nb 3 Al 2 Si 5 as an overlay coating. At present these coatings are still of only fundamental interest, not suited for practical applications, because they are of inferior oxidation resistance.
Metal diffusion processes like pack-cementation are widely used for nickel-based and iron-based alloys to improve the oxidation resistance. However, there are few reports dealing with details of the pack cementation process to Nb-based alloys. In this investigation pack cementation of Cr and/or Al vapor diffusion was applied to a Nb-based alloy to form Cr and/or Al rich coating layers. The coated Nbbased alloys were oxidized in air at temperatures up to 1473 K to examine the anti-corrosion properties of the coatings. In this report the coating layer structures and concentration profiles of each element were measured using electron probe microanalysis for both the as-coated Nb alloys and the oxidized samples.
Experimental
The Nb-based alloy (the Nb alloy) has a composition of Nb-5 mass%Mo-15 mass%W and was developed in the Japan Ultrahigh-Temperature Material Research Laboratory Co. Ltd., Japan. The alloy was prepared from Nb, Mo, and W starting metals with 99.9% purity using a non-consumable tungsten electrode in an argon atmosphere. The ingot was heat-treated in flowing argon at 2073 K for 86.4 ks. 4) After cutting a 1 mm thick specimen from the ingot, a hole (1.5 mm) was drilled for a suspension wire. The surface was polished by waterproof abrasive paper #150, and the surface area of the sample was about 3.2 cm 2 .
Three types of coatings were prepared. Coating #1 (Al pack cementation):
The specimen was buried in a mixture of Fe-50 at%Al alloy and Al 2 O 3 powders in an alumina crucible, and it was heated at 1423 K for 72 ks or 1273 K for 21.6 ks in a vacuum of 10 À3 Pa. Coating #2 (Cr pack cementation):
The specimen was buried in a mixture of Cr metal and Al 2 O 3 powders in an alumina crucible and was heated at 1573 K for 36 ks in a vacuum of 10 À3 Pa. Coating #3 (Cr pack and then Al pack cementations):
Coating #2 was first formed and then the #1 coating formed at 1273 K for 21.6 ks in a vacuum of 10 À3 Pa. The oxidation experiment was carried out in laboratory air at temperatures of 1273, 1373, and 1473 K for 32.4 ks. The sectional microstructures of the as-coated Nb alloy and after oxidation of the coated Nb alloy were observed by a scanning electron microscope with an energy dispersed analyzer, SEM-EDS, and the elemental distributions were measured by an electron-probe micro analyzer EPMA, in which the acceleration voltage was 15 kV and the absorption current was 3 Â 10 À8 A.
Results and Discussion
3.1 Structure of the coating layers and concentration profiles Figures 1(A)-(C) show cross-sectional microstructures of the Nb-alloys with the coatings #1-#3, and concentration profiles of each element in Figs. 2(A)-(C) were measured along the line indicated by the arrows in Fig. 1 . Coating #1 with about 6 mm thickness (Figs. 1(A) and 2(A) ) consisted of two layers. The outer layer´is NbAl 2 and the inner layerì s Nb 3 Al containing W, and Mo; Al penetration into the alloy Fig. 1 Cross sectional microstructure of Nb alloys with various coatings: (A) the coating #1, À alloy substrate,`Nb 3 Al, and´NbAl 2 (B) the coating #2, À alloy substrate,`Cr diffusion zone,´Cr 2 Nb, andˆ-Cr (C) the coating #3, À alloy substrate,`Cr diffusion zone,´Cr 2 Nb,ˆ-Cr containing Nb, and˜-Cr containing Al. substrate can be disregarded. The interface between the outer and inner layers was irregular and there are fine precipitates containing W and Mo, which are seen as brighter areas. Coating #2 (Figs. 1(B) and 2(B) ) has a two-layer structure of about 10 mm thickness, accompanied by a Cr-penetration zone`. The outer and inner layers,ˆand´, are -Cr and Cr 2 Nb, respectively. The inner Cr 2 Nb layer has an even thickness, while the -Cr layer is irregular and is locally missing. Coating #3 (Figs. 1(C) and 2(C) ) has three layers, an outermost -Cr layer with Al penetration˜, an outer -Cr layer with Nb penetrationˆand an inner Cr 2 Nb layerf ollowed by a Cr penetration zone`between the inner layer and alloy substrate. The inner Cr 2 Nb layer has an even thickness, while both the outermost and outer layers are irregular in thickness. Figure 3 shows the oxidation amounts of the Nb alloys with coatings #2 and #3 oxidized for 32.4 ks at 1273, 1373, and 1473 K. The Nb alloy with coating #1 was completely oxidized, forming pulverized oxides after oxidation at 1373 K for 32.4 ks, and therefore oxidation amounts for the Nb alloy with coating #1 are not shown in Fig. 3 .
Change in oxidation amounts with temperature
The Nb alloy with coating #2 oxidized relatively slowly at temperatures of 1273 and 1373 K, while at 1473 K it was oxidized rapidly. The Nb alloy with coating #3 oxidized slowly up to 1473 K. rested, forming a surface scale consisting mainly of a Cr 2 O 3 scale˜on the outer -Cr layer. However, the Cr 2 O 3 scale was partially exfoliated, as indicated in Fig. 4(A) . With increasing oxidation temperature coating #2 tended to be severely degraded due to the formation of both Cr 2 O 3 and
The cross-sectional microstructure of the Nb alloy with coating #3 oxidized at 1273 K for 32.4 ks and concentration profiles of each element measured along the line indicated by the arrows are given in Fig. 6 . It shows that coating #3, covered by a protective Al 2 O 3 scale¯, has the same structure as the three-layers of the as-coated sample shown in Fig.  1(C) , and there is little change in the concentration profiles through the coating layer, when the scales before and after the oxidation are compared.
The results shown in Fig. 3 suggest that the Nb alloy with coating #3 has good oxidation resistance up to 1473 K. However, when the Nb alloy with coating #3 was oxidized at temperatures higher than 1373 K, these were occasional localized corrosive attacks in the coating layer resulting in severe deterioration of the Nb alloy. A typical example of this kind of degradation is shown in Fig. 7 , in which the alloy was broken at the hole for the suspension Pt-wire after oxidation at 1373 K for 32.4 ks. The coating on the Nb alloy must be without flaws over the whole specimen surface including the surface of the hole, but this appears difficult to achieve with conventional coating techniques such as spray coating and physical vapor deposition in addition to the pack cementations here. Therefore a different coating process 18) is now being developed in our laboratory and details of that will be published elsewhere. 19) 
Conclusion
Pack cementation of Cr and/or Al was applied to the Nb-5 mass%Mo-15 mass%W alloy to form an oxidation resisting coating layer. The oxidation behavior of these coated alloys was investigated at temperatures up to 1473 K for 32.4 ks. The results may be summarized as follows:
(1) The Al pack cementation formed a coating with a duplex outer NbAl 2 layer and an inner Nb 3 Al layer structure, and it showed poor oxidation resistance forming both Al 2 O 3 and Nb 2 O 5 . (2) The Cr pack cementation formed a coating with an outer -Cr layer and an inner Cr 2 Nb layer which showed good oxidation resistance up to 1373 K while it oxidized rapidly at 1473 K. (3) The combined, Cr and then Al pack cementation formed a coating layer with a three-layer structure, an outermost -Cr layer containing Al, an outer -Cr layer with Nb penetration, and an inner Cr 2 Nb layer. This coated alloy showed good oxidation resistance up to 1473 K by forming an Al 2 O 3 scale. However, the oxidation resistance appears to be limited to short time oxidation. (4) Eliminating physical defects is essential in the coating of the Nb alloys to enable a sound coating over the whole of the alloy surface, as the oxidation resistance of the Nb alloy itself is very poor.
